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Increasing social consciousness about environment, finite nature of fossil fuels and general waste recycling as well as increasing political requests for resource-efficient production processes and alternative resource-saving
material concepts are important tasks of the
21st century. Vulcanized fiber as one of the
oldest plastics based on renewable resources
has proven to be an appropriate substitute.
The aim of the authors is the reactivation of
the industrial interest in vulcanized fiber as
an alternative resource-saving material concept for industrial applications. Therefore
comprehensive scientific studies are required. In the present study, tensile and compression tests were performed to investigate
mechanical properties of vulcanized fiber
which can be used to estimate the performance capability and for numerical simulations of its deformation behavior.

Material
Vulcanized fiber material is fully based on
the renewable raw material cellulose and

Vulcanized fiber is a macromolecular cellulose-based composite material
manufactured using the parchmentizing process. The cellulose is produced from the chemical digestion of plant-based raw materials (wood,
cotton) or textile waste. Chemical additives used during manufacturing
are completely removed. After the process, vulcanized fiber possesses
improved properties concerning mechanical strength and abrasion as
well as corrosion resistance in comparison to its raw materials. Concerning its economic life cycle assessment, low density, electrical insulating
capability and balanced properties, vulcanized fiber has a potential, up
to now unused, as a light and renewable structural material for applications in automotive or civil engineering industries. Research activities
concerning the mechanical properties are insufficient and existing
standards are out-of-date. In this work, for the first time a direction-dependent characterization of the process-related anisotropic mechanical
properties of the material is realized with the aim to formulate an adequate material model for numerical simulations in the next step.

was firstly developed in the mid-19th century. It is made of absorbent and unsized
special papers which are joined by a merging process into a homogenous material by
adding a parchmentizing solution. Predominantly, a zinc chloride solution (ZnCl2) is
used for parchmentizing. Another alternative is sulfuric acid (H2SO4). The parchmentizing solution acts as a catalyst. During the
process the crystalline structure of cellulose 1 is converted into cellulose 2 which is
an irreversible and pure physical process.
At the microscopic level, swelling and
shortening of cellulose fibers can be identified. The fiber length is reduced by round
about a quarter. Simultaneous to the structural conversion, a hydrolytic degradation
of cellulose starts. Cellulose chains are split
and low-molecular structures are formed.
These structures are essential for a repolymerization process which is necessary to
relink single cellulose fibers and to link
single paper layers to one homogeneous
material called vulcanized fiber. To avoid a
loss of mechanical strength by saccharifica-

tion, the degradation of cellulose has to be
limited in time. Another important parameter is the temperature of the parchmentizing solution, usually, it is in the range of 30
to 65 °C. After bonding, the parchmentizing solution is leached out in a multistage
process by using osmotic forces. Finally,
vulcanized fiber is dried and smoothed. The
thickness of the resulting product is defined by the amount of single paper layers
which are added at the beginning of the
continuous manufacturing process [1]. Figure 1 shows the modification of cellulose
caused by parchmentizing during the manufacturing process, and it was analyzed using a scanning electron microscopy (SEM).
Until 1930, vulcanized fiber had been
used in many fields of application because of
its good material properties. As lightweight
construction material (ρ = 1.10 to 1.45 g·cm3), it is high abrasion-resistant, physiologically harmless, electrically insulating, spark
extinguishing and resistant to sustained
temperatures of 120 to 160 °C. Further, vulcanized fiber offers versatile processing pos-
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a)

b)

Figure 1: SEM micrographs of cellulose fibers, a) raw paper, b) vulcanized fiber

sibilities, for example, by milling, drilling,
forming, bending, stamping and varnishing.
With upcoming petrochemical plastics, it
has been replaced from the market. Today
only a few particular applications exist and
there is a big lack of knowledge about the
characteristics of the material [2, 3].
Anisotropy. For scientific research, it
has to be taken into account that vulcanized fiber is anisotropic. Cellulose fibers in
paper layers are preferably orientated in
manufacturing direction due to the production process [4-6]. This longitudinal direction of cellulose fibers in vulcanized fiber
sheets is defined as x-direction, while the
cross direction, perpendicular to x-direction, is termed as y-direction. In addition,
due to parchmentizing and merging of single paper layers, different material properties are expected perpendicular to the xyplane. This z-direction specifies the layer
structure properties.
Focus of research is the analysis of
quasi-static material properties of vulcanized fiber in x-, y-, xy-(diagonal-) and z-directions. For this reason, tensile and compression tests with different specimen loa)

cations, i. e., fiber orientations according to
manufacturing direction, are performed.
Hygroscopicity. Further, hygroscopic
properties have to be considered for cellulose products like vulcanized fiber. This implies a moisture content which depends on
the climatic conditions of the environment.
Moisture content increases with increasing
relative humidity as well as decreasing temperature and has a significant impact on material properties and dimension stability of
vulcanized fiber. Previous tests showed that
high material moisture has a detrimental effect on mechanical strength properties, like
ultimate tensile strength UTS and Young’s
modulus E. On the other hand, it has a beneficial effect on the flexibility [7, 8].
Thus an important prerequisite for the
capabilities and results interpretation of
vulcanized fiber is an exactly defined test
climate. For the following studies, a testing
condition of room temperature RT and relative humidity φ = 40-50 % was ensured. The
tests were performed with homogeneous
vulcanized fiber material (brand name
“Hornex”) provided by Ernst Krueger,
Geldern.

Experimental procedure

b)

The anisotropic mechanical properties of
vulcanized fiber have to be tested separately according to DIN 7738 standard
from 1959, which references to DIN EN ISO
527, defining the determination of tensile
properties of plastics. For tests perpendicular to the layered structure, i. e., in z-direction, there is no valid standard available.

For investigations in x-, y- and xy-directions, specimen geometry type 1 B is used
(see Figure 2).
For a better understanding, Figure 3
shows a schematic of the specimen locations in vulcanized fiber sheets, horizontal
(x, y, xy) and perpendicular (z) in relation
to the manufacturing direction and fiber
orientation, respectively, for tensile tests.
For tests in z-direction, a suitable specimen geometry has to be chosen because of
limited vulcanized fiber sheet thickness
available on the market with a maximum of
16 mm. To increase the segment for sampling, several sheets of finished and homogeneous vulcanized fiber were adhesively
bonded. This results in at least two glued
areas within the total specimen length L.
Four possible geometries according to DIN
EN ISO 20753 were investigated in pretests to prove their functionality. Thereby,
three designs were not considered because
of occurring failure in the glued areas. Finally, three homogeneous vulcanized fiber
sheets were layered above each other, one
with L2 = 15 mm in the center and two with
L1 = 8 mm at each top, and milled to a final
specimen thickness of t = 4 mm. This arrangement proved to be practical because
adhesive joints are not located in the gauge
length of the specimen L0 = 8 mm and fracture could be initiated in pure material (L2),
as shown in Figure 4.
For performing compression tests,
DIN 7738 references to DIN EN ISO 604 for
polymers. By applying this standard, the
thickness of the specimen would be
t ≤ 1 mm which is technically difficult to
realize and unfunctional. So, a cube geometry with side lengths of L = 10 mm was
chosen. Compression tests concerning x-,
y- and z-directions were performed with
conditions comparable to tensile tests [9].
Figure 5 shows the load directions according to the manufacturing direction and
fiber orientation, respectively.
All tests were performed using a universal testing machine (Shimadzu AG-X,
.
Fmax = 100 kN) with a strain rate ε = 10-3 s-1.
To avoid surface impairment, a video extensometer (Shimadzu TRViewX) was applied

Figure 2: Specimen geometry according to
DIN EN ISO 527 for tensile tests in x-, y- and
xy-directions, a) technical drawing (data in mm,
manufacturing tolerances according to
ISO 2768-m), b) test setup

Figure 3: Schematic of
specimen locations for
tensile tests
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a)

b)
Figure 4: Specimen geometry for tensile tests
in z-direction, a) technical drawing
(data in mm, manufacturing tolerances
according to ISO 2768-m), b) test setup

for contact-free measurement of material
strain as response to applied load. For statistical validation, five specimens were
tested for each direction [9, 10].

Results and discussion
The ultimate tensile strength UTS of vulcanized fiber varies with the specimen location according to manufacturing direction. Tensile stress (σT) – total strain (εt)
curves are plotted in Figure 6. The material shows a maximum tensile strength in
x-direction UTSx = 90 MPa because of longitudinal fibers bear complete load. Y- and
xy-directions show lower values in the
range of 60 MPa, since lateral loads (compared to manufacturing direction) load the
vulcanized fiber matrix, which is softer
than longitudinal fibers. Concerning these
three horizontal specimen locations, a pronounced elastic material behavior up to a
stress level of at least 40 MPa and following plastic deformation until maximum total strains of εt = 9.8·10-2 to 10.8·10-2 for
x- and y-directions as well as εt = 14.2·10-2
for the xy-direction can be observed. A
yield strength of about 50 MPa only appears for specimens in xy-direction. Zspecimens located perpendicular to manufacturing direction show a rubber-like deformation behavior according to DIN EN
ISO 527 but with much smaller deformations of about 0.4·10-2 compared to horizontal specimens. Further, strength values
of the layered structure are in a considerable lower range of UTSz = 8 MPa. Parchmentizing results in different binding
mechanisms which seem to be stronger
horizontal to manufacturing direction.
Concerning the deformation behavior in
z-direction, no ideal elastic zone exists, so

a)

b)

Hooke’s law cannot be used to determine
Young’s modulus E. Following DIN EN ISO
527, for comparability, the tensile modulus
ET between ε1 = 5∙10-4 and ε2 = 2.5∙10-3 was
determined for all directions (see Table 1a). Therefore, significant differences
in ET according to specimen location, with
minimum values of 2,000 ± 400 MPa for
specimens in z-direction and maximum
values of 6,300 ± 340 MPa in x-direction,
can be evaluated. The scatter in results for
the z-direction is greater compared to
other directions which can be justified by
inconsistent bonding between raw-paper
layers in the parchmentizing process. Besides, the compressive moduli EC between
2,250 ± 400 MPa in z-direction and
5,860 ± 340 MPa in x-direction are given
for vulcanized fiber, as can be seen in Table 1a. Furthermore, for comparison issues, the properties of common plastics
(see Table 1b) and woods (see Table 1c)
under tensile loading are quoted.
Anisotropic behavior of vulcanized fiber
is also observable in compression tests, see
compressive stress (σC) – total strain (εt)
curves in Figure 7. Ultimate compressive
strength UCS and total strain εt are greater
compared to values obtained in tensile
tests. Z-direction leads to UCSz = 350 MPa
at Epsilont = 11.3·10-2, wehereas x- and ydirections show a maximum compressive
strength in the range of 225-230 MPa at
failure strains of 18.0·10-2 to 20.0·10-2. After an almost linear elastic loading in xand y-directions, there is a yield in the
range of 80-90 MPa with a plateau until
8·10-2 followed by strain hardening.
Microscopic investigations were carried
out using an optical microscope (Keyence
VHX (500F)). The fracture patterns vary in
dependence of the specimen locations. For
tensile-loaded x-direction, cellulose fibers
are arranged longitudinally and emerge at
the position of fracture (see Figure 8a). For
specimens in y-direction, the fibers are
much more disordered at the fracture position (see Figure 8b) which results in 30 %
lower strength values. In z-direction, perpendicular to paper layers bonded in parchmentizing process, a delamination of paper
layers within vulcanized fiber sheet can be

observed. In the fracture pattern in Figure 8c (z2), there seem to be areas which
are bonded stronger than others. This
proves the assumption of scattering in zdirection as a consequence of an inconsistent bonding process.
Under compressive stress, the load flattens the specimen in z-direction in comparison to initial condition (see Figure 9a).
In contrast to this mainly ductile material
deformation, a mainly brittle material behavior is detected for tests in x- and y-directions (see Figure 9b).
The previous results of mechanical and
microscopic investigations prove higher
strength of vulcanized fiber compared to
synthetic plastics, although it is not effectively fiber-reinforced. Cellulose fibers are
only oriented predominantly in manufacturing direction what affects the mechanical properties considerably. Additionally,
the application temperature of vulcanized
fiber is much higher (120-160 °C compared
to 70-90 °C), as shown in Table 1b. Compared to wood (see Table 1c), vulcanized
fiber reaches similar ultimate tensile
strengths in fiber (x-) direction, half of
Young’s modulus and two- to three-time the
density. Greater total strain values under
[5] could be a crucial benefit of vulcanized
fiber for the production of complex geometries.

Figure 6: Stress-strain curves for tensile tests in
x-, y-, xy- and z-directions

c)

Figure 5: Schematic of stress directions in compression tests, a) x-direction, b) y-direction, c) z-direction

Figure 7: Stress-strain curves for compression
tests in x-, y- and z-directions
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a)
Tensile

Vulcanized fiber
UTS resp. UCS
(MPa)
ET resp. EC
(MPa)
ρ
(g∙cm-3)
Tappl.
(°C)

Compression

x

xy

y

z

x

y

z

83 ± 2.5

59 ± 1.0

58 ± 3.0

7.5 ± 2.2

230 ± 23

220 ± 18

350 ± 8

6,300 ±
340

4,400 ±
100

4,600 ±
140

2,000 ±
400

5,860 ±
340

4,470 ±
235

2,250 ±
30

1.45
120-160

b)

c)

Plastics PA6
UTS
50 - 80
(MPa)
E
1,500 (MPa)
3,000
ρ
1.14
(g∙cm-3)
Tappl.
90
(°C)

PE-LD

ABS

POM

9

50

64

200

2,400

3,000

0.92

1.05

1.41

70

80

90

Wood Softwood (spruce) Hardwood (oak)
UTS
90
90
(MPa)
E
13,000
11,000
(MPa)
ρ
0.65
0.43
(g∙cm-3)
Tignit.
270
280
(°C)

Table 1: Ultimate tensile strength UTS, ultimate compression strength UCS, Young’s modulus E, density ρ,
application temperature Tappl. and ignition temperature Tignit. of a) vulcanized fiber [9, 10], b) common
plastics [11], c) wood [12]

Conclusions and outlook
The anisotropic behavior of vulcanized
fiber was comprehensively investigated in
direction-dependent tensile and compression tests, whereas anisotropy is more significant under tensile loads. Tensile tests in
z-direction, perpendicular to manufacturing direction, lead to 8- to 11-times lower
tensile strengths and 22- to 31-times lower
total strains in comparison to x-, y-, and xydirections, but they enable the evaluation
of the quality of parchmentizing process.
Inconsistent bonding of layers through the
parchmentizing process was observed in
microscopic investigations of the fracture
pattern. Results obtained in compression

tests show a maximum compressive strength
in z-direction. These results are a basis to
understand the deformation behavior of
vulcanized fiber with respect to directiondependent loads.
As vulcanized fiber is characterized by
different deformation behavior concerning
the specimen location depending on the
manufacturing direction, a broad experimental database is required to simulate the
reaction of the material in relation to applied mechanical loads. A first approach
will try to describe the elastic behavior
with a simple orthotropic, but linear relation. Moreover, plasticity will be described
by a Drucker-Prager model which is able to
consider tension/compression anisotropy.

a1)

b1)

c1)

a2)

b2)

c2)

Figure 8: Fracture patterns in tensile tests, a) x-direction, b) y-direction, c) z-direction

With the help of an even extended experimental basis, it may be possible to consider the influence of temperature and relative humidity on the maximum applicable
tensile and compression stresses in the
developed material model. Further experimental investigations are planned to determine biaxial load conditions. In addition to
the biaxial tension and compression load
case, shear stress will be characterized as
well. A cooperation of experimental and
numerical work will lead to a comprehensive understanding of vulcanized fiber.
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Abstract
Richtungsabhängige Materialcharakterisierung von cellulosebasierter
Vulkanfiber. Vulkanfiber ist ein abgewandeltes makromolekulares Naturprodukt, welches durch Pergamentierung von Spezialpapieren auf Basis
von Holz- oder Baumwollcellulose hergestellt wird. Der Rohstoff ist Cellulose, deren Gewinnung über einen chemischen Aufschluss pflanzlicher
Rohstoffe oder durch Recycling von Textilabfällen realisiert wird. Die hierfür verwendeten chemischen Zusätze werden wieder vollständig aus dem
Material entfernt. Nach diesem Prozess zeichnet sich Vulkanfiber durch
verbesserte Eigenschaften hinsichtlich mechanischer Festigkeit sowie Abrieb- und Korrosionsbeständigkeit im Vergleich zu den verwendeten Rohstoffen aus. Hinsichtlich der günstigen Ökobilanz, geringen Materialdichte,
elektrischen Isolierfähigkeit und ausgewogenen mechanischen Materialeigenschaften, ergibt sich für Vulkanfiber ein bisher ungenutztes Potenzial
als leichter und nachwachsender Konstruktionswerkstoff für den Einsatz in
der Automobil- und Bauindustrie. Die mechanischen Kennwerte sind forschungsseitig bislang unzureichend beschrieben und bestehende Richtlinien veraltet. In dieser Arbeit wird erstmals eine richtungsabhängige Charakterisierung der prozessbedingt anisotropen mechanischen Eigenschaften von Vulkanfiber vorgenommen. Die experimentell ermittelten Daten
sollen die Generierung eines numerischen Werkstoffmodells ermöglichen.
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